, Anne L. rutten 1, 6 , barbara Helm . Here we investigate these rhythms in the context of biparental care, a particularly sensitive phase of social synchronization 12 where pair members potentially compromise their individual rhythms. Using data from 729 nests of 91 populations of 32 biparentally incubating shorebird species, where parents synchronize to achieve continuous coverage of developing eggs, we report remarkable within-and between-species diversity in incubation rhythms. Between species, the median length of one parent's incubation bout varied from 1-19 h, whereas period length-the time in which a parent's probability to incubate cycles once between its highest and lowest value-varied from 6-43 h. The length of incubation bouts was unrelated to variables reflecting energetic demands, but species relying on crypsis (the ability to avoid detection by other animals) had longer incubation bouts than those that are readily visible or who actively protect their nest against predators. Rhythms entrainable to the 24-h light-dark cycle were less prevalent at high latitudes and absent in 18 species. Our results indicate that even under similar environmental conditions and despite 24-h environmental cues, social synchronization can generate far more diverse behavioural rhythms than expected from studies of individuals in captivity 5-7,9
The behavioural rhythms of organisms are thought to be under strong selection, influenced by the rhythmicity of the environment [1] [2] [3] [4] . Such behavioural rhythms are well studied in isolated individuals under laboratory conditions 1, 5 , but free-living individuals have to temporally synchronize their activities with those of others, including potential mates, competitors, prey and predators [6] [7] [8] [9] [10] . Individuals can temporally segregate their daily activities (for example, prey avoiding predators, subordinates avoiding dominants) or synchronize their activities (for example, group foraging, communal defence, pairs reproducing or caring for offspring) 6-9,11 . The behavioural rhythms that emerge from such social synchronization and the underlying evolutionary and ecological drivers that shape them remain poorly understood [5] [6] [7] 9 . Here we investigate these rhythms in the context of biparental care, a particularly sensitive phase of social synchronization 12 where pair members potentially compromise their individual rhythms. Using data from 729 nests of 91 populations of 32 biparentally incubating shorebird species, where parents synchronize to achieve continuous coverage of developing eggs, we report remarkable within-and between-species diversity in incubation rhythms. Between species, the median length of one parent's incubation bout varied from 1-19 h, whereas period length-the time in which a parent's probability to incubate cycles once between its highest and lowest value-varied from 6-43 h. The length of incubation bouts was unrelated to variables reflecting energetic demands, but species relying on crypsis (the ability to avoid detection by other animals) had longer incubation bouts than those that are readily visible or who actively protect their nest against predators. Rhythms entrainable to the 24-h light-dark cycle were less prevalent at high latitudes and absent in 18 species. Our results indicate that even under similar environmental conditions and despite 24-h environmental cues, social synchronization can generate far more diverse behavioural rhythms than expected from studies of individuals in captivity [5] [6] [7] 9 . The risk of predation, not the risk of starvation, may be a key factor underlying the diversity in these rhythms.
Incubation by both parents prevails in almost 80% of non-passerine families 13 and is the most common form of care in shorebirds 14 . Biparental shorebirds are typically monogamous 15 , most species lay three or four eggs in an open nest on the ground 15 and cover their eggs almost continuously 13 . Pairs achieve this through synchronization of their activities so that one of them is responsible for the nest at a given time (an incubation bout). Alternating female and male bouts generate an incubation rhythm with a specific period length (cycle of high and low probability for a parent to incubate).
We used diverse monitoring systems (Methods and Extended Data Table 1 ) to collect data on incubation rhythms from 91 populations of 32 shorebird species belonging to 10 genera (Fig. 1a) , extracted the length of 34,225 incubation bouts from 729 nests and determined the period length for pairs in 584 nests (see Methods, Extended Data Figs 1, 2).
We found vast between-and within-species variation in incubation bout length and in period length (Figs 1-3 and Extended Data Fig. 3 ). Different species, but also different pairs of the same species, adopted notably different incubation rhythms, even when breeding in the same area (see, for example, incubation rhythms in Barrow, Alaska, represented by '1' in Fig. 1b, c ; incubation rhythms for each nest can be found in the supplementary actograms of ref. 16). In some pairs, parents exchanged incubation duties about 20 times a day ( Fig. 2a; for example Charadrius semipalmatus, Fig. 1b) , whereas in others a single parent regularly incubated for 24 h ( Fig. 2a; for example Limnodromus scolopaceus, Fig. 1b) , with exceptional bouts of up to 50 h (supplementary actograms of ref. 16). Similarly, incubation rhythms of pairs in 22% of nests followed a strict 24-h period ( Fig. 2b ; for example Tringa flavipes, Fig. 1b) , whereas the rhythms of others deviated markedly from a 24-h period (Fig. 2b ) resulting in ultradian (< 20 h in 12% of nests; for example Numenius phaeopus; Fig. 1b) , free-running-like (for example Calidris alpina; Fig. 1b ) and infradian rhythms (> 28 h in 8% of nests), with some having period lengths up to 48 h (for example Limnodromus scolopaceus; Fig. 1b ). This variation in period length partly related to the variation in bout length (Fig. 3) . In the suborder Scolopaci, period length correlated positively with median bout length, but in the suborder Charadrii species with 24-h periods had various bout lengths, and species with similar bout lengths had different period lengths.
Despite substantial within-species variation, we found a strong evolutionary signal for both bout and period length with a coefficient of phylogenetic signal λ close to 1 (Extended Data Table 2 ). This is consistent with the notion that biological rhythms are largely genetically determined and conserved among related species [8] [9] [10] . However, the phylogenetic effect seems unevenly distributed over the taxonomic level. Suborder explained 33% of the phenotypic variance in both bout Affiliations of the above authors appear at the end of the paper. and period length, with the Scolopaci having longer incubation bouts and periods than the Charadrii (Extended Data Table 3 and Figs 2, 3) . Species explained 41% of the phenotypic variation in bout length and 46% in period length, but genus explained little (< 1% in both bout and period length; Extended Data Table 3 ), suggesting that despite a strong phylogenetic signal, these traits can rapidly diverge (Fig. 2c) .
Two ecological factors may explain the observed variation in bout length. First, the 'energetic demands hypothesis' stipulates that the length of an incubation bout depends on the energetic state of the bird 13, 17 . This predicts that large species will have longer incubation bouts than smaller species, because they radiate less body heat per unit of mass and that incubation bouts will shorten with increasing breeding latitude, because-everything else being equal-energy stores will deplete faster in colder environments (Extended Data  Fig. 4a , b shows latitudinal cline in summer temperatures). However, bout length was unrelated to body size ( Fig. 4a ) and correlated positively (instead of negatively) with latitude ( Fig. 4b ). These correlational results across populations and species support recent experimental findings within species 18 and suggest that in biparentally incubating shorebirds energetic demands are not an important ecological driver underlying variation in bout length.
An alternative explanation for variation in the length of incubation bouts relates to anti-predation strategies. Those species that rely primarily on parental crypsis (Extended Data Fig. 5a ) benefit from reduced activity near the nest, because such activity can reveal the location of the nest to potential predators 19, 20 . Thus, in these species, selection will favour fewer change-overs at the nest and therefore longer incubation bouts. By contrast, species that are clearly visible when sitting on the nest or that rely on active anti-predation behaviour (Extended Data Fig. 5b ), including having a partner on the watch for predators, leaving the nest long before the predator is nearby and attacking or distracting the predator 15 , obtain no advantage from minimizing activity. For these species, bout length can shorten, which may be advantageous for other reasons (for example, reduced need to store fat). We quantified anti-predation strategy as the distance at which the incubating parent left the nest when approached by a human (escape distance), because cryptic species stay on the nest longer (often until nearly stepped upon) 15 . Despite the large geographical distribution of the studied species, with related variability in the suite of predators and predation pressure 21 , and even when controlling for phylogeny (which captures much of the variation in anti-predation strategy, Extended Data Fig. 6 ), escape distance negatively correlated with the length of incubation bouts (Fig. 4c ). This result suggests that bout length co-evolved with the anti-predation strategy.
Under natural conditions, most organisms show 24-h rhythmicity, but during the summer, when most shorebirds breed, the 24-h variation in light decreases with latitude leading to continuous polar daylight in the northern-most breeding grounds 22 (Extended Data Fig. 4c, d ). Such reduced variation in 24-h light intensity may cause a loss of 24-h rhythmicity [23] [24] [25] . As a consequence, circadian behavioural rhythms should exhibit a latitudinal cline 22 . As predicted, incubation rhythms with periods that do not follow the 24-h light-dark cycle, such as free-running-like patterns (left column in Fig. 1b) , occurred more often in shorebirds breeding at higher latitudes (Fig. 4d) .The absolute deviations of periods from 24 h and 24-h harmonics also increased with latitude ( Fig. 4e and Extended Data Table 4 ). Although this supports the existence of a latitudinal cline in socially emerged behavioural rhythms 22 , we found a substantial number of rhythms that defy the 24-h day even at low and middle latitudes (Fig. 4d-e) .
Many shorebirds predominantly use tidal habitats, at least away from their breeding ground 15 . To anticipate tidal foraging opportunities, these species may have activity patterns with a period length resembling the tidal period. Because changing to a different rhythm is costly 26 , these tidal activity patterns might carry over to incubation. Although half of our species are tidal away from their breeding grounds, and some forage in tidal areas also during breeding (approximately 12% of populations), in only 5% of nests did pairs display a period length that can be entrained by the tide. Moreover, tidal species had period lengths similar to, not longer than, non-tidal ones (Extended Data Table 4 ). Hence, unlike the 24-h light-dark cycle, tidal life-history seems to play at best a negligible role in determining incubation rhythms.
Three main questions arise from our results. First, is variation in incubation bout length in cryptic species related to the actual predation pressure? This can be tested by comparing bout length between populations of a particular species that are exposed to different predator densities, or between years that differ in predation pressure. Second, it remains unclear how the diverse social rhythms emerge. Are these rhythms a consequence of behavioural flexibility, or a 'fixed' outcome of synchronization between the circadian clocks of the two individuals involved? An experimental study on ring doves (Streptopelia risoria) suggests that parents may even use two timers-circadian oscillation and interval timing-to determine when to incubate 27 . Parents rapidly adjusted their schedules to phase-shifted photoperiods and their incubation rhythm 'ran free' in constant dim illumination (implying a circadian mechanism), whereas an experimental delay in the onset of an incubation bout did not change the length of the bout because the incubating parent refused to leave the nest until its incubation bout reached the 'typical' duration (implying interval timing). Third, what are the fitness consequences for the parents of having a certain incubation rhythm? For example, the costs of having a particular incubation rhythm may be unevenly distributed between the two parents (for instance, because one parent is on incubation duty when food is more readily available, or because one parent 'enforces' its own rhythm at a cost to the other parent).
In conclusion, our results reveal that under natural conditions social synchronization can generate much more diverse rhythms than expected from previous work [5] [6] [7] 9, 28 , and that these rhythms often defy the assumption of entrainment to the 24-h day-night cycle. Risk of predation, rather than risk of starvation, seems to have a key role in determining some of the variation in incubation rhythms. We describe this diversity in the context of biparental incubation, but diverse behavioural rhythms may also arise in many other social settings (for example, in the context of mating interactions 25 or vigilance behaviour during group foraging). Essentially, the reported diversity suggests that the expectation that individuals within a pair (or group) should optimize their behavioural rhythms relative to the 24-h day may be too simplistic, encouraging further study of the evolutionary ecology of plasticity in circadian clocks.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
, 12, 24, or 48 h) and breeding latitude (n = 584 nests from 88 populations belonging to 30 species). e, The distribution of period length over latitude. The period was standardized to 24 h so that all 24-h harmonics are depicted as 24 h (red line) and respective deviations from each harmonic as deviations from 24 h (for example, a period of 12.5 h is depicted as 25 h). a-e, Each circle represents the population median; circle size indicates the number of nests. a-d, Solid lines, modelpredicted relationships; dotted lines, 95% credible intervals based on the joint posterior distribution of 100 separate MCMCglmm runs each with 1 of the 100 phylogenetic trees with approximately 1,100 independent samples per tree (see Methods for details). Grey areas depict the predicted relationships for each of 100 runs (that is, the full range of regression line estimates across 100 models) and illustrate the uncertainty due to the phylogenetic tree. The predicted relationships stem from a Gaussian phylogenetic mixed-effect model, where the effects of other predictors were kept constant (a-c, Extended Data 1-15 (1985) .
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MethOds
Recording incubation. Incubation data were obtained between 1994 and 2015, for as many shorebird species (n = 32) and populations (n = 91) as possible (that is, no statistical methods were used to predetermine sample size), using six methods (for specifications of the equipment see Extended Data Table 1) . (1) In 261 nests, a radio frequency identification reader (RFID) registered the presence of tagged parents at the nest. The passive integrated tag was either embedded in a plastic flag 31, 32 , with which the parents were banded, or glued to the tail feathers 33 . In 200 nests the RFID was combined with a temperature probe placed between the eggs. The temperature recordings allowed us to identify whether a bird was incubating even in the absence of RFID readings; an abrupt change in temperature marked the start or end of incubation 31 . (2) For 396 nests, light-loggers were mounted to the plastic flag or a band that was attached to the bird's leg 34, 35 . The logger recorded maximum light intensity (absolute or relative) for a fixed sampling interval (2-10 min). An abrupt change in light intensity (as opposed to a gradual change caused, for example, by twilight) followed by a period of low or high light intensity marked the start or end of the incubation period (Extended Data Fig. 2) . (3) For nine nests a GPS tag, mounted on the back of the bird, recorded the position of the bird 36 . The precision of the position depends on cloud cover and sampling interval 36 . Hence, to account for the imprecision in GPS positions, we assumed incubation whenever the bird was within 25 m of the nest (Extended Data Fig. 2b) . (4) At three nests automated receivers recorded signal strength of a radio tag attached to the rump of a bird; whenever a bird incubated, the strength of the signal remained constant (5) and (6) parent identification was based on plumage, colour rings or radio tag. In one of the populations, three different methods were used, in seven populations representing seven species two methods were used. In one nest, two methods were used simultaneously (Extended Data Fig. 2b) . Extraction of incubation bouts. An incubation bout was defined as the total time allocated to a single parent (that is, the time between the arrival of a parent at and its departure from the nest followed by incubation of its partner). Bout lengths were only extracted if at least 24 h of continuous recording was available for a nest; in such cases, all bout lengths were extracted. For each nest, we transformed the incubation records to local time as + / UTC time (longitude of the nest 15) . Incubation bouts from RFIDs, videos and continuous observations were mostly extracted by an R script and the results verified by visualizing the extracted and the raw data 16, 31, 37, 38 ; otherwise, M.B. extracted the bouts manually from plots of raw data 39, 40 (plots of raw data and extracted bouts for all nests are in the supplementary actograms of ref. 16; the actograms were generated by the ggplot and xyplot functions from the ggplot2 and lattice R-packages [41] [42] [43] ). Whenever the start or end of a bout was unclear, we classified these bouts as uncertain (see next paragraph for treatment of uncertain bouts). In case of light-logger data, the light recordings before and after the breeding period, when the birds were definitely not incubating, helped to distinguish incubation from non-incubation. Whenever an individual tagged with a light-logger nested in an environment where the sun was more than 6° below the horizon for part of a day (that is, night), we assumed an incubation bout when the individual started incubating before the night started and ended incubating after the night ended. When different individuals incubated at the beginning versus at the end of the night, we either did not quantify these bouts or we indicated the possible time of exchange (based on trends in previous exchanges), but classified these bouts as uncertain (see supplementary actograms 16 ). In total, we extracted 34,225 incubation bouts. The proportion of uncertain bouts within nests had a distribution skewed towards zero (median = 0%, range, 0-100%, n = 729 nests), and so did the median proportion of uncertain bouts within populations (median = 2%, range, 0-74%, n = 91 populations). Excluding the uncertain bouts did not change our estimates of median bout length (Pearson's correlation coefficient for median bout length based on all bouts and without uncertain bouts: r = 0.96, n = 335 nests with both certain and uncertain bouts). Hence, in further analyses all bouts were used to estimate median bout length.
Note that in some species sexes consistently differed in bout length (Fig. 1b , for example, Vanellus vanellus). As these differences are small compared to the between-species differences and because in 27 nests (of 8 species) the sex of the parents was unknown, we used median bout length independent of sex in this study. Extraction of period length. The method used for extracting the period length of incubation rhythm for each nest is described in the Extended Data Fig. 1 . Extraction of entrainable periods. We classified 24-h periods and periods with 24-h harmonics (that is, 3, 6, 12, 48 h) as strictly entrainable by 24-h light fluctuations (n = 142 nests out of 584). Including nearest adjacent periods (± 0.25 h) increased the number of nests with entrainable periods (n = 277), but results of statistical analyses remained quantitatively similar. We consider periods and harmonics of 12.42 h (that is, 3.1, 6.21, 12.42, 24 .84 h) as strictly entrainable by tide. However, because the periods in our data were extracted in 0.25-h intervals (Extended Data Fig. 1 ), we classified periods of 3, 6.25, 12.5, 24.75 h (that is, those closest to the strict tide harmonics) as entrainable by tide (n = 32 nests out of 584). Including also the second nearest periods (that is, 3.25, 6, 12.25, 25) increased the number of nests entrainable by tide to n = 55. Population or species life-history traits. For 643 nests, the exact breeding location was known (nests or individuals were monitored at the breeding area). For the remaining 86 nests (from 27 populations representing 8 species, where individuals were tagged with light-loggers at the wintering area), the breeding location was roughly estimated from the recorded 24-h variation in daylight, estimated migration tracks, and the known breeding range of the species [44] [45] [46] [47] [48] [49] [50] [51] . One exact breeding location was in the Southern Hemisphere, so we used absolute latitude in analyses. Analyses without populations with estimated breeding-location or without the Southern Hemisphere population generated quantitatively similar estimates as the analyses on full data.
For each population, body size was defined as mean female wing length 52 , either for individuals measured at the breeding area or at the wintering area. In case no individuals were measured, we used the mean value from the literature (see open access data for specific values and references 53 ). Anti-predation strategy was assessed by estimating the escape distance of the incubating bird when a human approached the nest, because species that are cryptic typically stay on the nest much longer than non-cryptic species, sometimes until nearly stepped upon 48, 54 . Escape distance was obtained for all species. Forty-four authors of this paper estimated the distance (in metres) for one or more species based on their own data or experience. For ten species, we also obtained estimates from the literature 48 . We then used the median 'estimated escape distance' for each species. In addition, for 13 species we obtained 'true escape distance' . Here, the researcher approached a nest (of known position) and either estimated his distance to the nest or marked his position with GPS when the incubating individual left the nest. For each GPS position, we calculated the Euclidian distance from the nest. In this way we obtained multiple observations per nest and species, and we used the median value per species (weighted by the number of estimates per nest) as the true escape distance. The species' median estimated escape distance was a good predictor of the true escape distance (Pearson's correlation coefficient: r = 0.89, n = 13 species). For analysis, we defined the escape distance of a species as the median of all available estimates.
For each species, we determined whether it predominantly uses a tidal environment outside its breeding ground, that is, has tidal versus non-tidal life history (based on refs 48, 50, 51) . For each population with exact breeding location, we scored whether tidal foraging habitats were used by breeding birds for foraging (for three populations this information was unknown) 53 . For all populations with estimated breeding location we assumed, based on the estimated location and known behaviour at the breeding grounds, no use of tidal habitat. Statistical analyses. Unless specified otherwise, all analyses were performed on the nest level using median bout length and extracted period length.
We used phylogenetically informed comparative analyses to assess how evolutionary history constrains the incubation rhythms (estimated by Pagel's λ coefficient of phylogenetic signal 55, 56 ) and to control for potential non-independence among species due to common ancestry. This method explicitly models how the covariance between species declines as they become more distantly related 55, 57, 58 . We used the Hackett 59 backbone phylogenetic trees available at http://birdtree.org (ref. 60) , which included all but one species (Charadrius nivosus) from our dataset. Following a subsequent taxonomic split 61 , we added C. nivosus to these trees as a sister taxon of C. alexandrinus. Phylogenetic uncertainty was accounted for by fitting each model with 100 phylogenetic trees randomly sampled from 10,000 phylogenies at http://birdtree.org (ref. 60) .
The analyses were performed with Bayesian phylogenetic mixed-effect models (Fig. 4 and Extended Data Tables 2, 4 ) and the models were run with the MCMCglmm function from the R package MCMCglmm 62 . In all models, we also accounted for multiple sampling within species and breeding site (included as random effects). In models with a Gaussian response variable, an inverse-gamma prior with shape and scale equal to 0.001 was used for the residual variance (that is, variance set to 1 and the degree of belief parameter to 0.002). In models with binary response variables, the residual variance was fixed to 1. For all other variance components the parameter-expanded priors were used to give scaled F-distributions with numerator and denominator degrees of freedom set to 1 and a scale parameter of 1,000. Model outcomes were insensitive to prior parameterization. The MCMC chains ran for 2,753,000 iterations with a burn-in of 3,000 and a thinning interval of 2,500. Each model generated approximately 1,100 independent samples of model parameters (Extended Data Tables 2, 4) . Independence of samples in the Markov chain was assessed by tests for autocorrelation between samples and by using graphic diagnostics.
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First, we used MCMCglmm to estimate Pagel's λ (phylogenetic signal) for bout and period length (Gaussian), and to show that our estimates of these two incubation variables were independent of how often the incubation behaviour was sampled ('sampling' in min, ln-transformed; Extended Data Table 2 ). Hence, in subsequent models, sampling was not included.
Then, we used MCMCglmm to model variation in bout length and period length (Extended Data Table 4 ). Bout length was modelled as a continuous response variable and latitude (in degrees, absolute), female wing length (mm, ln-transformed) and approach distance (m, ln-transformed) as continuous predictors. Predictors had low collinearity (at nest, population and species level; all Pearson or Spearman correlation coefficients | r| < 0.28). To test for potential entrainment to 24-h, period length was modelled as a binary response variable (1 = rhythms with period of 3, 6, 12, 24, or 48 h; 0 = rhythms with other periods) and latitude as a continuous predictor. To test how circadian period varies with latitude or life history, the period was transformed to deviations from 24 h and 24-h harmonics and scaled by the time span between the closest harmonic and the closest midpoint between two harmonics. For example, a 42-h period deviates by − 6 h from 48 h (the closest 24-h harmonic) and hence − 6 h was divided by 12 h (the time between 36 h-the midpoint of two harmonics-and 48 h-the closest harmonic). This way the deviations spanned from -1 to 1 with 0 representing 24 h and its harmonics. The absolute deviations were then modelled as a continuous response variable and latitude as continuous predictor. The deviations were also modelled as a continuous response and species life history (tidal or not) as categorical predictor.
In all models the continuous predictor variables were centred and standardized to a mean of zero and a standard deviation of one.
We report model estimates for fixed and random effects, as well as for Pagel's λ, by the modes and the uncertainty of the estimates by the highest posterior density intervals (referred to as 95% CI) from the joint posterior distributions of all samples from the 100 separate runs, each with 1 of the 100 separate phylogenetic trees from http://birdtree.org (ref. 60) .
To help interpret the investigated relationships we assessed whether incubation rhythms evolved within diverged groups of species by plotting the evolutionary tree of the incubation rhythm variables (Fig. 2c) , as well as of the predictors (Extended Data Fig. 6 ).
The source of phylogenetic constraint in bout and period length was investigated by estimating the proportion of phenotypic variance explained by suborder, genus and species (Extended Data Table 3 ). The respective mixed models were also specified with MCMCglmm 62 using the same specifications as in the phylogenetic models. Because suborder contained only two levels, we first fitted an intercept mixed model with genus, species, and breeding site as random factors, and used it to estimate the overall phenotypic variance. We then entered suborder as a fixed factor and estimated the variance explained by suborder as the difference between the total variance from the first and the second model. To evaluate the proportion of the variance explained by species, genus and breeding site, we used the estimates from the model that included suborder. R version 3. 
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The posterior estimates (modes) of the effect sizes with the highest posterior density intervals (95% CI) and the effective sample sizes (N) come from a posterior distribution of 1,100 simulated values generated by MCMCglmm in R 62 . nbout = 729 nests from 91 populations belonging to 32 species. nperiod = 584 nest from 88 populations belonging to 30 species.
